A possible evolutionary origin for the Mn4 cluster of the photosynthetic water oxidation complex from natural MnO2 precipitates in the early ocean 
Abstract
The photosynthetic water oxidation complex consists of a cluster of 4 Although direct evidence is lacking before the beginning of the geological record about 3.8 Ga ago, there was almost certainly initially a level of dioxygen in the atmosphere that was vanishingly small (2, 3) . The atmosphere comprised up to 10 bars of carbon dioxide Whatever forms of life first appeared in this harsh environment are largely speculative (11, 12) . Nevertheless, evidence of reduced carbon of biological origin is present from 3.8 Ga ago in crustal rocks (13, 14) . In the presence of good reductants, such as sulfide, sulfur, dihydrogen and pre-biotic organic compounds, the precursors of microbial life as we know it on Earth somehow appeared. Methane, hydrogen and bicarbonate nurtured the primitive organisms, with photo-produced ferric iron acting as the electron acceptor (8) . Because light was an abundant but potentially powerful source of energy, biological organisms needed to find protection beneath minerals or through bioprecipitation to mitigate the effects of the far UV (15, 16) . Photosynthesis began as an anoxygenic process, making use of light and reductants more powerful than water to fix CO 2 into organic carbon compounds (17) (18) (19) (20) A key component in the appearance of oxygenic photosynthesis was a complex that could store oxidizing equivalents to facilitate the 4-electron oxidation of two water molecules to dioxygen, meanwhile making the electrons available for the reductive carbon-fixing reactions. We know that a 4-atom manganese cluster serves the role of mediating water oxidation leading to dioxygen formation in present-day photosynthesis (27) . This is the case not only in higher plants and algae, which emerged relatively late in the geological record, but also in cyanobacteria, which represent our best example of the heritage of the earliest oxygenic photosynthetic organisms. As will be described presently, our knowledge of the structure and mechanism of the water oxidation enzyme makes it clear that the Mn 4 cluster is almost identical in higher plants and in the descendents of primitive cyanobacteria (28, 29 
The Photosynthetic Water Oxidation Enzyme
In the two-light reaction scheme of photosynthetic electron transport, water oxidation is associated with Photosystem II (PS II). Manganese was recognized as an essential element for oxygenic photosynthesis more that 60 years ago (31).
Subsequently, Ca 2+ and Cl -were also identified as required components (32) (33) (34) (35) .
Depletion of these components from the growth medium or their removal from photosynthetic membranes (thylakoids), results in loss of the ability to evolve oxygen, although the light reactions themselves are not impaired.
Studies using single-turnover flashes showed that electrons are removed one-at-atime from the water-oxidation complex in the 4-electron transfer process; this observation (Fig. 2a, b) . The 3.4 Å distances are, however, present in the tunnel-type minerals (Fig. 3a, b, c) (Fig. 2a, b) . As a consequence, no intermediate 3.4 Å Mn-
Mn vectors are present in these lattices. In the tunnel-type minerals, however, there are also sp 2 -like oxygens present; the occurrence of 3.4 Å vectors in these lattices is a direct consequence of the presence of the sp 2 -like oxygens (Fig. 3a, b, c) .
Tunnel-type Mn oxide minerals are found around submarine hot springs (52, 55, 56) and are also widespread in soils and weathered rocks. These lattices are complex, however, giving rise to a large assortment of configurations involving bonded clusters of four Mn atoms.
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The tunnels in pyrolusite and ramsdellite are too small to accommodate cations or more than a minimal amount of water (51) . These minerals have the stoichiometric composition MnO 2 . However, beginning with hollandite (2x2 tunnels) and extending to the minerals with larger tunnels, the dimensions are sufficient to accommodate water and cations in the tunnels. (Fig. 3a, b) . The synthetic lattice with 2x5 tunnels contains Rb + ions, 
Mn 4 Clusters in the Minerals
We used a computer-generated model to extract clusters of 4 Mn atoms joined contiguously by O-links from the hollandite lattice, with coordinates derived from the Xray crystallographic data. This yields an assortment of putative clusters that provides candidates for a potentially catalytic site. In our effort to do this, we did not try to On the basis of the structural criteria established for the modern photosynthetic water-oxidation enzyme using spectroscopic methods, we favor candidate structures in categories (3, 2) and (3, 1) over those in (2, 2) or (2, 1), but any of these may be considered to be "acceptable", given the limits on the stringency of the criteria. We disfavor those clusters with only a single 2.8 Å Mn-Mn vector or with no 3.4 Å vectors.
Furthermore, we feel that the experimental evidence provides strong evidence against the presence of two or more colinear and contiguous 2.8 Å vectors. This still leaves many Mn 4 clusters in the acceptable class. Some of these may be judged more likely than others on the basis of providing a sufficiently pear-shaped electron density distribution;
however, that criterion will be easier to apply once a higher-resolution map is available.
Other criteria may prove useful to narrow the range of possibilities. We have shown, for example, that it is possible to measure polarized EXAFS on oriented thylakoid membranes and to record EXAFS dichroism as a function of the orientation of the membrane normal relative to the to the X-ray electric vector (66) . This provides limitations on the possible angles between vectors within the water-oxidation cluster.
Each of the rigid-cluster candidates can be examined against these measurements, and even those clusters with limited flexibility may prove susceptible to exclusion or inclusion on this basis. The possibility of making polarized measurements on single crystals of PS II provides an even richer opportunity, and we hope to pursue such measurements in the near future.
Conclusion
The hypothesis of Russell and Hall that the origin of the photosynthetic wateroxidation complex may be reflected in the structure of manganese minerals (49) hypothesis has also considerably enlarged our repertoire of possible Mn 4 clusters. We will benefit from these new ideas during the interval of uncertainty until a high-resolution structure of the water oxidation complex is available. 
